We show that recent claims of experimental verification of a negative index of refraction in metallic metamaterials, "left-handed" microwave frequencies, are questionable. At these frequencies the imaginary part of the dielectric permittivity is significant or even dominates its real part, and hence the effective medium behaves as a metal, i.e., with losses below the cutoff frequency of relevance. Then, the refractive index is complex, and there is not a distinction between right-and left-handed material because the electromagnetic wave is inhomogeneous. Just by using this idea we explain the transmittivities that were recently obtained in experiments by Shelby et al. [Science 292, 77 (2001) In 1968, Veselago 1 proposed that when permittivityá nd permeability m are smaller than zero, the refractive index, n should be def ined as the negative square root: n 2 p´m . He named materials with these optical parameters left-handed materials (LHMs) in contrast with normal right-handed materials (RHMs), with´and m positive. The idea is that at a f lat interface of a LHM with refractive index 2n t ͑n t . 0͒, the angle of refraction, u t , for light that is incident from a RHM with index n i . 0 is
In 1968, Veselago 1 proposed that when permittivityá nd permeability m are smaller than zero, the refractive index, n should be def ined as the negative square root: n 2 p´m . He named materials with these optical parameters left-handed materials (LHMs) in contrast with normal right-handed materials (RHMs), with´and m positive. The idea is that at a f lat interface of a LHM with refractive index 2n t ͑n t . 0͒, the angle of refraction, u t , for light that is incident from a RHM with index n i . 0 is sin u t n i sin u i ͞ 2 n t ,
where u i is the angle of incidence. So the angle of refraction is negative, and power is transmitted into the LHM with a positive component of the Poynting vector perpendicular to the interface but with a negative component parallel to the interface. However, to our knowledge no experimental verification of a negative refractive index has been reported since.
Recently, there appeared a work 2 claiming that this observation was accomplished by use of a metamaterial consisting of square Cu split-ring resonators and Cu wire strips embedded in fiber glass, at microwave frequencies. It was claimed that magnetic permeability and dielectric permittivity read aś
where f ep 12. 3 -5 In this Letter we proceed by evaluating the theory of transmittivity according to the experiment reported in Ref. 2 and compare it with our results. We then show that, because of the losses in the LHM and the geometry used in the previous experiment, the interpretation of the transmission measurements is highly ambiguous and does not show at all that negative refraction actually occurs or that the sample used actually behaves as a LHM.
Consider an electromagnetic wave that is incident from vacuum into a slab of an effective medium with parameters´t and m t and thickness d. Then, one can obtain the transmittivity of the system from matching the conditions of the waves at the interfaces z 0 and z d. For s polarization, the electric f ield is parallel to the cylinder axis, as in the experiments reported in Ref. 2 , and the transmitted amplitude is
with q i 2pn i ͑cos u i ͞l͒ and q t 2pn t ͑cos u t ͞l͒, where l is the wavelength of the incident radiation. The transmittivity is T jtj 2 . We address normal incidence, as in the previous experiments. Then, we have the following possibilities in the slab:
, yields the same expression for T :
This is an oscillating function of q t d. Its behavior calculated from Eqs. (2) and (3), with 1.03 , f , 1.095, is shown in Fig. 1 for d 5, 10 , and 15 cm.
(2) Tunnel. Either m t . 0 and´t , 0 or m t , 0 and´t . 0 gives the same T :
Equation (6) represents an exponentially decaying function of q t d and corresponds to the region 1.095 , f , 1.028. This is plotted in Fig. 1 . Notice that in both cases losses are negligible. (3) Absorbtion dominates. For any value of m t , the dielectric permittivity is dominated by its imaginary part:´t i´.
In this case, as in metals at microwave frequencies, 3 -5 n t 2a 1 ib, with a b, and we have
with k p 2 pf jn t j͞2c, where c is the speed of light in vacuum. This case is of interest for interpretation of the experimental data of Ref. 2 . T is plotted in the region m t 0; otherwise, T is negligibly small (cf. Fig. 2 ). Notice that T is not presented in Ref. 2 as a function of f ; however, our result agrees with observations of previous work, 6, 7 namely, T has a peak only in the region m t 0 and is negligible (below the detection limit) otherwise. Let us discuss Eqs. (5)- (7). When m t 0, these equations all yield T 4͓͞4 1 ͑pj´tjfd͞c͒ 2 ͔; however, while T given by Eq. (5) oscillates very rapidly, with an amplitude approximately equal to 1 (see Fig. 1 for d 5, 10, 15 cm) , when the frequency moves apart from that at which m t 0, T decreases exponentially in the cases described by Eqs. (6) and (7) . We believe that this fact is important and helps to explain the experimental results.
The question then arises: What are the permeability and permittivity of the structures used in the experiments? We agree that Eq. (3) may describe the magnetic permeability of nonmagnetic wires ͑m 1͒, as is the case for Cu, given by the response of the circuit elements, although for thin wires of 0.0015-cm radius the value of g is 0.2, not 0.001 as given in Ref. 2. However, the dielectric permittivity is a different matter. In fact, this permittivity at microwave frequencies is imaginary (losses dominate 3 -5 ) below the cutoff frequency, f c c͞2a 3, for the structure lattice constant a 0.5 cm. Therefore, for f c , 3, the effective medium is no longer dielectric, and Im͑´i͒ i´and transmittivity T is very low, as absorption dominates. Then a low peak of T is obtained at f 1.095, where the permeability is zero ͑m t 0͒. Notice that the wire thickness is larger than the wave penetration length; in the cases at hand the wire radii of 0.0015 to 0.1 cm correspond to penetration lengths of 10 24 cm. 3 -5 Losses dominate in the wires. In this case, for the effective medium theory we have an imaginary permittivity, Im͑´t͒ h´C u , where´C u is the frequency-dependent dielectric constant of Cu and h is an effective filling factor of the Cu wires that takes into account the permittivity of Cu surrounded by vacuum. This filling factor can be estimated by consideration of the wave penetration into the wires according to the skin depth and wire radius r, h prl͑͞4a 2 j´C u j 1͞2 ͒. The values obtained for the skin depth are 10 24 cm, in agreement with results given in textbooks. 3 -5 Notice that Re´C u ͑10
10 Hz͒ Ӎ 22000, whereas Im´C u ͑10
10 Hz͒ ഠ 10 6 . Thus,´C u is practically independent of frequency at these wavelengths, showing the inadequacy of Eq. (2) . Although the radius of the wires is not given in Ref. 2 , we assume it to be 0.0015 cm, as in Ref. 7 . In this equation, p is a factor that can used to f it T ͑m 0͒ 10 22 and can also be fitted by finite-difference time-domain calculations 8 ( p~l 21.7 for l !`) of T for the structure with the cylinders for the s wave. By use of the permeability given by Eq. (3) and Eq. (7), we obtain the transmittivity, T , depicted in Fig. 2 . A peak is observed only near m t 0, with no oscillations in the intensity versus l (a signature not of propagation but of a decaying wave), as in the experiments reported in Refs. 6 and 7. This is the net result obtained, because otherwise the values of T are below the detection threshold. Figure 2 also shows plots of d 5, 10, 15 cm.
There is an important point in these experiments: In Fig. 3 (2) and (3)], and the refractive index is then n t 23.66, which has a larger absolute value than refractive index n t 23.16, corresponding to a critical angle of TIR 18.43 ± , which is the angle at which the wave emerges from the LHM into the vacuum. Therefore, at f 1.05, TIR (negative TIR, in fact) takes place at the LHM-vacuum interface. Hence, no intensity should be transmitted from the prismlike cut edged sample by the proposed permeability and permittivity, given by Eqs. (1) and (2) Fig. 2 .
The results presented above apply to the cases in which losses dominate. The previous experiments could also be interpreted when Im͑´t͒ is of the order of, or smaller than, Re͑´t͒;´t 2Re͑´t͒ 1 i Im͑´t͒. Even in this case, the amplitude of the transmittivity is given by Eq. (4) with an appropriate value of q t . Then, it can be seen again that the imaginary part is important in the refractive index, which is complex, and also that the electromagnetic wave is inhomogeneous. Then, the distinction as to whether the medium is a RHM or a LHM no longer makes sense (see p. 740 of Ref. 4 .) We also stress that the presentation in Ref. 2 of normalized intensities for RHM and LHM is not adequate because the absolute transmitted intensity is crucial for discerning between the propagation and the decaying wave. Also, since the distance from detector to sample is not given in Ref. 2, the very wide (60 ± ) intensity peaks (Fig. 3 of Ref.
2) suggest that the intensity was not recorded far enough; i.e., the experiment might detect the transmitted wave in regions close or at an intermediate distance to the sample and not in the far f ield. Notice that T is larger in front of the thinner region of the prism sample and then the transmitted power appears at negative angles (see the bottom panel of Fig. 2 ).
In conclusion, we have presented calculations of transmittivities for recent experiments 2 in which the authors claimed to observe negative refraction in metamaterials at microwaves frequencies. We have shown that there are serious issues that call into question the measurements presented in Ref. 2 and their validity for considering the sample used to be a LHM. We believe that introducing metals into the structure of the material creates unavoidable problems at microwave frequencies because of losses concomitant with dispersion that swamp any characterization of a net negative real refractive index, and thus we conclude that to date neat experimental verification of negative refraction remains undone. Neither do perfect lenses exist in LHM even if losses and dispersion are small.
